Aims/hypothesis There have been growing concerns regarding the long-term effects of insulin glargine (A21Gly,B31Arg, B32Arg human insulin) on the risk of breast cancer. Methods We used the UK's General Practice Research Database (GPRD) to identify a cohort of women aged 40 years or over with type 2 diabetes, treated with insulin during 2002-2006 and followed until the first breast cancer diagnosis or 31 December 2009. After the users of insulin glargine had been matched with users of other insulins on age, calendar time and duration of prior insulin use, the HR of breast cancer associated with insulin glargine use was estimated using a Cox proportional hazards model, adjusted for known risk factors for breast cancer. Results The cohort comprised 15,227 women, including 4,579 glargine users and 10,648 users of other insulins, of which 246 developed breast cancer during up to 8 years follow-up (incidence rate 4.1 per 1,000 per year). Insulin glargine use was not associated with an increased risk of breast cancer during the first 5 years of use (HR 0.9; 95% CI 0.7-1.3). The risk tended to increase after 5 years (HR 1.8; 95% CI 0.8-4.0), and significantly so for the women who had been on insulin before starting glargine (HR 2.7; 95% CI 1.1-6.5). Conclusions/interpretation The risk of breast cancer in women with type 2 diabetes is not increased during the first 5 years of insulin glargine use. However, longer-term use may increase this risk, particularly in women with longstanding use of insulin before starting insulin glargine.
Introduction
Insulin analogues, structurally altered human insulins first introduced in the late 1990s to improve control of hyperglycaemia, have been an object of concern regarding their potential carcinogenic effects, particularly those with enhanced affinity for insulin-like growth factor I (IGF-I) receptor and/or altered binding kinetics for the insulin receptor [1] [2] [3] . These receptors play important roles in carcinogenesis and cancer proliferation [4] . Recent data suggest that serum containing insulin glargine (A21Gly, B31Arg,B32Arg human insulin) was somewhat more mitogenic to breast cancer cells than serum containing human insulin [5] .
The possibility of increased cancer risk in diabetic patients treated with insulin glargine has been addressed in several observational studies [6] [7] [8] [9] [10] . In two of these, use of insulin glargine was found to be associated with increased breast cancer risk. However, these studies had methodological limitations leading to several criticisms [11, 12] . The European Medicines Agency (EMA), the US Food and Drug Administration (FDA) and the ADA issued statements stipulating that no conclusions can be drawn from these studies because of their limitations [13] [14] [15] . A recent study of 1,340 insulin-treated patients found that high doses of insulin glargine were associated with a fivefold increase in the overall risk of cancer, but the number of participants did not allow sufficient power to investigate the effects on breast cancer risk specifically [10] . Finally, a pooled analysis of data from 31 randomised trials that found no excess cancer risks with insulin glargine was limited by its size and had no exposure beyond 5 years [16, 17] . Thus, in the absence of new data, the question of whether insulin glargine increases the risk of breast cancer remains unanswered, particularly with longer-term use.
We conducted a large-scale population-based epidemiological study in a cohort of women with type 2 diabetes treated with insulin to assess whether the long-term use of insulin glargine compared with alternative insulin therapy is associated with an elevated risk of breast cancer.
Methods
Data source This study was conducted using the General Practice Research Database (GPRD), a primary care database from the UK [18] . The GPRD contains the complete primary care medical record for more than 9.9 million people enrolled in more than 545 general practices representative of the UK population. Participating general practitioners have been trained to record medical information including demographic and lifestyle data, medical diagnoses, details of hospital stays, and deaths using a standardised form. Prescriptions written by GPRD physicians are automatically transcribed into the computer record. The recorded information on drug exposures and diagnoses has been validated and proven to be of high quality.
Cohort study design We first formed a base cohort of all female insulin users with type 2 diabetes from all women who had received at least one prescription for any type of insulin between 1 September 2002, the date insulin glargine entered the UK market, and 31 December 2006. Type 2 diabetes was defined as 40 years of age or over, with either a diagnosis or a prescription for an oral hypoglycaemic agent before cohort entry, or no prior use of insulin. All patients had to have at least 1 year of up-to-standard medical history in the GPRD at the time of cohort entry. The insulins included insulin glargine, human long-acting insulins, human biphasic insulins, short-acting analogues and animal insulins. From this cohort, we formed a cohort who had been exposed to insulin glargine and a matched reference insulin-exposed cohort.
First, the glargine-exposed cohort was formed from all women within the base cohort with a prescription for insulin glargine. Cohort entry date was defined as the date of the first insulin glargine prescription in this period, and follow-up was until 31 December 2009. The cohort was divided into first-time insulin users, namely those whose insulin glargine prescription was their first ever insulin prescription, and prevalent insulin users, who had a history of insulin use before cohort entry.
The reference insulin cohort was selected from all nonglargine insulin users of the base cohort, separately for firsttime and prevalent users. The first-time insulin users were simply all included in the reference cohort, and their cohort entry date was defined as the date of the first insulin prescription with follow-up until 31 December 2009. The prevalent users were matched with the glargine-prevalent users on age, calendar time and duration of prior insulin use, according to their birth year strata sizes. Thus, for each glargine-exposed patient, and starting chronologically with the first one, we identified from the non-glargine patients all women of the same birth year stratum (≤1930, 1931-1940, 1941-1950 and >1950) . Within each birth-matched stratum, we identified women who had an insulin prescription closest to the calendar date of the cohort entry glargine prescription and closest in duration of prior insulin use from the date of this prescription. The cohort entry date for the prevalent members of the reference insulin cohort was then defined as the date of this closest time-matched insulin prescription with follow-up until 31 December 2009.
Women with a diagnosis of gestational diabetes or a history of breast cancer before cohort entry were excluded. Accordingly, all patients in the cohort were observed from cohort entry until the earliest of a first ever diagnosis of breast cancer, death from any cause, end of registration with the general practice, or end of the study period (31 December 2009).
Breast cancer cases
We identified all incident cases of breast cancer occurring during follow-up using a validated computerised algorithm developed for a previous study [19] . This algorithm includes PEGASUS and Read codes for breast cancer, as well as combinations of medical procedures, visits or treatments related to this outcome. These consist of mastectomies, lumpectomies, axillary node dissections, consultations with oncologists, chemotherapy treatments, radiotherapy and use of postoperative antihormone therapy. The validity of this algorithm is high, where over 95% of diagnoses were confirmed in a review of written records of a random sample of 100 cases [19] . For all identified cases, cohort follow-up stopped on the day of the breast cancer diagnosis.
Covariates The analysis involved adjustment for potential confounding variables known to be associated with breast cancer risk and that may be associated with the choice of insulin therapy. In addition to age at cohort entry, a history of oophorectomy, cancer other than breast or non-melanoma skin cancers, use of hormone replacement therapy (HRT), and smoking any time before cohort entry were considered from the entire medical record including the data collected during the time from registration to cohort entry and the medical history information provided at registration. Durations of diabetes and of insulin use before cohort entry were also determined from the clinical history information recorded by the general practitioner at the time of registration in the practice and from the medical record information before cohort entry. Obesity (BMI ≥ 30 kg/m 2 ) was measured in the 5 years before cohort entry, while excessive alcohol use, HbA 1c concentration and use of statins, sulfonylurea, thiazolidinedione and metformin were identified in the year before cohort entry, the latter because of its possible protective effect on the incidence of breast cancer [20] .
Statistical analysis
The incidence rate of breast cancer over time was estimated by cumulating the person-years of follow-up for the cohort, and the 95% CIs were based on the Poisson distribution. The Cox proportional hazards model was used to estimate adjusted HRs of breast cancer incidence associated with insulin glargine exposure, along with 95% CIs, based on an intent-to-treat analysis comparing the insulin glargine-exposed cohort with the reference other-insulin cohort, with time zero taken as the date of cohort entry. All models were adjusted for the potential confounding factors listed above. To control for age, in addition to the age strata used in matching the prevalent cohort, age at cohort entry was also entered in the model as a continuous factor within each age stratum to account for any residual confounding. For the missing data inherently present in the GPRD for BMI, smoking and HbA 1c , a separate category defining missing information was added in the analysis for each factor. The Cox model was also used to estimate the HR of breast cancer as a function of the time since initiation of insulin glargine. This duration was classified as <1, 1-3, 3-5 and >5 years from the respective cohort entry dates for each of the two insulin groups, and a time-dependent Cox model was used to update the risk sets, so that rate ratios are estimated for each of the four duration intervals of glargine insulin, relative to other insulin use in the same time interval. A cubic spline model was also used to produce a smooth curve of the HR as a function of duration [21] .
Since the cohort included first-time initiators of insulin and longstanding prevalent users of insulin, the effect of the duration of insulin use after cohort entry may be affected by the duration of insulin use before cohort entry. We thus also analysed the effect of duration separately for prior insulin users to assess this potential source of effect modification. Sensitivity analyses assessed the effect of latency (and possible detection bias) by excluding the first year of follow-up after cohort entry and excluding patients with a history of other cancers before cohort entry. The study was estimated to have over 80% power to detect rate ratios of 1.5 associated with insulin glargine use. All analyses were conducted using SAS version 9.2 (SAS Institute, Cary, NC, USA).
Ethics approval The study protocol was approved by the Independent Scientific Advisory Committee of the GPRD and by the Jewish General Hospital Research Ethics Committee.
Results
The base cohort included 15,227 women, 65 years of age on average, after exclusion of 584 with breast cancer before cohort entry (Fig. 1) . During the up to 8 years of follow-up, 246 developed breast cancer, for an overall incidence rate of breast cancer of 4.1 (95% CI 3.6-4.7) per 1,000 per year. The glargine-exposed cohort included 4,579 women and the age-matched other-insulin cohort included 10,648 women, shown in Table 1 separately for firsttime and prevalent insulin users. The first-time insulin glargine users were older, but had had diabetes for a shorter time than their prevalent counterparts. While the first-time glargine insulin users were generally similar to the first-time users of other insulins, the prevalent glargine users were leaner, had less well controlled diabetes as indicated by their HbA 1c level, and used more sulfonylureas, thiazolidinediones and HRT, compared with the age-matched prevalent users of other insulins (Table 1) . Women in the glargine-exposed cohort received on average 5.8 prescriptions of insulin glargine per year during follow-up and 3.6 prescriptions of short-acting analogues, as well as biphasic insulin (0.9 per year). The reference group received primarily human biphasic insulin (3.6 prescriptions per year) and analogue biphasic (2.7 per year), as well as human long-acting (1.3 per year) and short-acting (0.9 per year) analogues. The dosing information for most of the prescriptions entered in the medical record was 'as directed', thus not permitting any doseresponse analyses.
After adjustment for differences in the covariates, use of insulin glargine was not associated with an increased risk of breast cancer (HR 1.0; 95% CI 0.7-1.4), relative to other insulins ( Table 2 ). The risk was not increased in the first 5 years of use (overall HR 0.9; 95% CI 0.7-1.3), but there is a trend towards an elevated risk after 5 years or more of glargine use (HR 1.8; 95% CI 0.8-4.0).
Stratification by the use of insulin before cohort entry shows in Table 3 that, among first-time insulin users, the risk of breast cancer is not elevated with insulin glargine use relative to other insulins (HR 0.8; 95% CI 0.3-2.1). In particular, no cases of breast cancer were observed 5 or more years after glargine insulin initiation, although this stratum only had 393 person-years of follow-up. Table 4 shows that, among previous insulin users, the risk of breast cancer is not elevated in the first 5 years of insulin glargine use (overall HR 0.9; 95% CI 0.6-1.3). However, in these previous users who had already been receiving insulin for an average of 5.6 years before starting glargine, the risk increases significantly after 5 years of insulin glargine use (HR 2.7; 95% CI 1.1-6.5). Hazard ratio Time since initiation of insulin glargine use (years) Fig. 2 Smooth cubic spline curve of the adjusted hazard ratio of breast cancer incidence (solid line) and 95% confidence limits (dotted lines) as a function of the time since initiation of insulin glargine use relative to the same duration for other insulin use, among previous users of insulin at cohort entry The sensitivity analyses of this estimate of the risk after 5 years of insulin glargine use in previous insulin users produced similar results after exclusion of exposures in the first year of follow-up (HR 2.5; 95% CI 1.0-6.1), but the risk increase was somewhat numerically higher after exclusion of patients with a history of other cancers before cohort entry (HR 3.9; 95% CI 1.5-10.5).
Discussion
Using a large cohort of women with insulin-treated type 2 diabetes, observed for up to 8 years, we found that, in the short term, the use of insulin glargine was not associated with an increased risk of breast cancer. However, after more than 5 years, the risk tended to be increased in the longstanding users of insulin before initiation of insulin glargine, but not in women whose first insulin was glargine.
Some experimental studies have suggested that insulin stimulation of growth of cancers is mediated by insulin stimulation of IGF-I receptors [22] . While this possibility is not excluded by recent data, the documentation of expression of insulin receptors by malignant cells indicates that even insulins that have no IGF-I receptor agonist activity could stimulate proliferation [23, 24] . At least two non-mutually exclusive mechanisms by which endogenous or administered insulin may contribute to cancer risk have been proposed. One mechanism, which may result in a relatively short-term effect, does not involve an effect of insulin on carcinogenesis, but rather a stimulatory effect of insulin on the growth rate of the subset of cancers that are present but not yet of a size that can be diagnosed. This mechanism has features in common with the effects of postmenopausal HRT or pregnancy on breast cancer risk, in that effects may be evident in under 2 years [25] , and is worthy of consideration given the high frequency of subclinical cancers in middle-aged women [26] . A second mechanism involves an effect on the process of stepwise carcinogenesis where the relevant receptors are on breast epithelial cells at risk of transformation. Stepwise carcinogenesis is a slow process involving gradual accumulation of genetic damage leading to transformation. Insulin exposure is hypothesised to facilitate stepwise carcinogenesis not by any mutagenic action, but rather because activation of insulin or IGF-I receptors (or hybrid receptors) can increase the probability of survival of partially transformed cells [27] . This mechanism is compatible with an influence of longterm exposure on risk, as observed in the present study.
If insulin exposure increases breast cancer risk, is it plausible that synthetic insulins in general, or glargine in particular, could have a greater effect than endogenous insulin or other administered insulins? There is laboratory evidence that various insulins differ from each other in receptor-binding characteristics and mitogenic effects [2, 28, 29] . An early study using the insulin analogue B10ASP showed greater carcinogenic action of this engineered insulin than human insulin [30, 31] . These data led to the decision not to develop B10ASP for clinical use. This experience supports the plausibility of the hypothesis that exposure to different insulins could have different effects on cancer-related outcomes, but there is a paucity of in vivo experimental data to rigorously examine effects of currently used insulin analogues on cancer behaviour. A recent study suggests that serum from patients receiving insulin glargine is somewhat more mitogenic for breast cancer cells in vitro than serum from patients receiving other insulins [5] . However, many investigators currently view the hypothesis that glargine is more mitogenic than other insulins in vivo to be plausible, but unproven. In addition to differences between insulins in receptor-binding characteristics, we cannot exclude the possibility that pharmacokinetics play a role; physiological insulin secretion is pulsatile, and there are many hours per day where exposure of tissues to insulin is minimal. In contrast, long-acting insulin use provides a more continuous exposure, and it is conceivable that this is relevant for oncological end points. In this case, it is plausible that all long-acting insulins, rather than glargine in particular, would be associated with increased cancer risk. Therefore additional studies of other insulins are justified, but available data are limited. For example, data concerning insulin detemir (B29Lys(ε-tetradecanoyl), desB30 human insulin), another long-acting basal insulin analogue, were insufficient to allow a conclusion on cancer safety [32] . Similarly, the pooled analysis of data from randomised trials of insulin glargine that found no excess cancer risks was also deemed insufficient to conclude safety [16, 17] . Observational studies of these long-term effects with newer insulins will thus be necessary but will take some time to conduct.
A possible methodological explanation for the increased risk of breast cancer among longstanding users of glargine is an effect of the longer overall duration of insulin use, as women initiating glargine had already been on insulin for an average of 5.6 years. This is unlikely, however, since the comparison group of users of other insulins had also been on insulin for 5.2 years before cohort entry, making it unlikely that the increase in risk is due to a general insulin duration effect. Another possible explanation is an imbalance in baseline characteristics, as the glargine users appear to be different from the other insulin users in terms of factors including control of glycaemia and HRT use. It is, however, unlikely, after adjustment, that residual confounding alone would explain the almost threefold increase in risk. Indeed, first, diabetes severity and duration are only associated with a minor or even no increase in breast cancer risk [33] . Second, if a characteristic of the high-risk group other than glargine use was critical in conferring such an increased risk, the increase in risk would have been observed immediately in the first year of glargine exposure, which was not the case even for the first 5 years. In fact, the somewhat lower risk in the first year is not only indicative of the absence of such residual or unmeasured confounding, but suggests instead an even lower baseline risk for the insulin glargine users.
Our study addressed some limitations of previous studies [11, 12] . First, we focused specifically on type 2 diabetes and evaluated breast cancer only, the subject of contradictory findings [6] [7] [8] [9] . Second, the previous observational studies were limited by their short follow-up, of at most 5 years [7] [8] [9] . Moreover, the pooled analysis of data from 31 randomised trials of insulin glargine was driven by a single large trial with at most 5 years of exposure [16] . In our study, the women were followed for up to 8 years, which permitted the analysis of the risk beyond 5 years after glargine initiation.
Our observational study has strengths and limitations. First, the study is based on a large cohort of over 15,000 female insulin users with type 2 diabetes observed over an 8-year span. It provided sufficient power to detect the excess risks under study, with 66 cases of breast cancer exposed to glargine insulin, larger than the number among patients with type 2 diabetes in the previous studies. However, stratification by the use of insulin before cohort entry provided an insufficient number of women whose first ever insulin was glargine. Consequently, we observed no cases of breast cancer 5 or more years after glargine insulin initiation out of only 393 personyears of follow-up, compatible with an incidence rate as high as 7.6 per 1,000 per year from the upper limit of the 95% confidence interval. Second, selection bias was avoided in two ways: by the completeness from the population-based cohort composed of all women with type 2 diabetes treated with insulin in the GPRD, which also provides generalisability, and by matching on cohort entry time. Moreover, stratification according to first-time and prevalent use of insulin was important to account for the history of insulin use. Because the GPRD uses pre-recorded exposure histories, the possibility of recall bias in terms of exposure to the different insulin therapies is avoided. We were able to adjust for the effects of BMI, excessive alcohol use and smoking, measures often absent from other databases. We used an intent-to-treat exposure definition which by definition does not consider treatment discontinuations that may have occurred during follow-up. This approach, however, avoids biases related to reverse causation, where glargine may have been stopped at early signs or symptoms of breast cancer, so that treatment termination would not be independent of the outcome. Thus the threat to internal validity caused by reverse causation may be far greater than that of using the intent-to-treat approach, which typically has the effect over the longer term of diluting the estimates towards the null, which is not an issue in our study. Moreover, while compliance with the treatment regimen is unknown as exposure comes from prescriptions, it is unlikely that there was much misclassification, as insulin treatment is more compliance-prone. It was not possible to accurately evaluate the effect of dose, as dose information was not entered in the GPRD files for the majority of patients. Our study did not have data on certain breast cancer risk factors, such as diet, physical activity and race/ethnicity. Finally, the role of chance cannot be dismissed in the finding of the elevated HR of 2.7 with a p value of 0.031, since this p value is associated with a stratified analysis that repeated this analysis twice for those with and without a history of insulin use before cohort entry.
In conclusion, while use of insulin glargine does not appear to increase the risk of breast cancer among women with type 2 diabetes in the short term, our data suggest that its longer term use may do so. Prospective studies of this issue would be more definitive, but are probably impractical to undertake. As there is some controversy in claiming that long-acting analogues are superior to conventional insulins in reducing long-term diabetes morbidity and mortality [34, 35] , the available evidence concerning cancer risk among long-term glargine users must be weighed against advantages glargine may have over other insulins in terms of patient preferences and hypoglycaemia risk [34, 35] .
